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Abstract. During the 1997 98 luminosity run of the Stanford Linear Collider SLC, two n o v el RF-based detectors were brought i n to operation, in order to monitor the interaction-point IP bunch lengths and uctuations in the relative arrival time of the two colliding beams. Both bunch length and timing can strongly a ect the SLC luminosity and had not been monitored in previous years. The two new detectors utilize a broad-band microwave signal, which is excited by the beam through a ceramic gap in the nal-focus beam pipe and transported outside of the beamline vault by a 160-ft long X-Band waveguide. We describe the estimated luminosity reduction due to bunch-length drift and IP timing uctuation, the monitor layout, the expected responses and signal levels, calibration measurements, and beam observations.
MOTIVATION
At the SLC, the IP bunch length is sensitive to many v ariables, most notably the injection time into the linac, the voltage of the bunch compressor RF between damping ring and linac, the R 56 value of the ring-to-linac transport line RTL, the longitudinal bunch distribution at extraction from the damping ring and the bunch c harge. Because of hourglass e ect depth of focus and disruption mutual contraction of the two beams during the collision, the bunch length at the interaction point can strongly a ect the luminosity. Also the beamstrahlung synchrotron radiation in the eld of the opposing beam depends on the bunch length. We h a v e simulated the dependence of beamstrahlung and luminosity on the bunch length using the code Guinea-Pig 2 , for typical 1997 SLC parameters: bunch pop- Hitherto, beam timing at the IP was not monitored at all. Yet it is a critical factor for IP spot-size tuning, spot-size stability and the luminosity. If the collision point shifts in time, it will no longer coincide with the beam waists, implying a non-optimum IP spot size. There are many potential sources of IP timing drifts and timing jitter, such a s c hanges in the extraction time from the damping rings, variation of the bunch-compressor RF phase relative to the dampingring phase, and beam energy and pro le uctuation in the linac. Diurnal timing changes, even if they are large and di erent for both beams, are not thought t o be a problem, as the four beam waists are scanned and corrected regularly. H o wever, changes on shorter time scales|such as pulse-to-pulse variation `jitter' or drifts over a few minutes|could seriously degrade the average luminosity. The luminosity reduction caused by an rms timing uctuation of t is roughly given by L=L 0 1 + c t=2 
BUNCH-LENGTH MONITOR
During the 1996 97 SLC downtime a novel RF bunch length monitor BLM was installed in the South Final Focus, about 45 m away from the IP. The monitor detects the longitudinal frequency spectrum of both electron and positron bunches, which pass this point with a time separation of roughly 300 ns. Previous attempts to commission a bunch-length monitor based on an RF cavity 3 at the same location failed, presumably because the crystal recti ers and ampli ers used for RF-signal conversion could not withstand the high radiation and electromagnetic noise level in the nal-focus tunnel.
Performing the RF conversion outside of the beamline vault overcomes the suspected noise problem and, in addition, a ords easy access to the signal processor during SLC operation. For this reason, we installed a 160-ft long section of WR90 brass waveguide, extending from the South nal-focus tunnel through a 60-ft deep ventilation shaft to the`laser shack' South of the collider hall, where the signal is processed. The reasons for choosing overmoded rectangular WR90 X-band waveguide were twofold: 1 X-band components are easily available at SLAC, and 2 the waveguide attenuation is small compared with that in waveguides of higher-cuto frequency, an important consideration for a 50-m length. Figure 1 left compares the attenuation in standard rectangular brass waveguides of various dimensions. Figure 2 shows how, using waveguide lters and couplers, the RF signal is nally split into 4 di erent c hannels, which span the 4 frequency ranges 8 11.6 GHz, 11. In the nal-focus tunnel, the open-ended WR90 waveguide is pointed at a ceramic gap in the beam pipe; see photograph in Fig. 3 . This broadband pickup is more versatile than a narrow-band cavity. Inner and outer radius of the ceramic are 1.5 cm and 1.9 cm, respectively. The total gap length g is 4 cm, three quarters of which are occupied by a toroid. The waveguide is situated at the last free quarter of the gap and ends about 0.5 cm above the ceramic.
The energy radiated by the beam into the waveguide can be estimated as follows. For short bunches, z R with R the beam pipe radius, the energy loss E of a bunch passing a gap is given by the di raction model 4,5 as
q g= z , and corresponds to a loss factor of 3 V pC. About half of the di racted energy goes through the gap, the other half propagates down the beam pipe. To estimate the power radiated into the waveguide, we further must take i n to account the fractions of gap length 25 and of solid angle 5 occupied by the waveguide aperture. We then nd that a 5 nC beam radiates about 0.75 J o n to the pick up. Since this occurs in a transit time g=c 33 ps, the peak power incident on the waveguide is about 22 kW or 73
dBm. Attenuation over 50 m will reduce this gure to 55 65 dB. Since much o f this signal is at lower frequencies, where the sensitivity to bunch length is weak, the signal is ltered in frequency. Though ltering and the e ect of dispersion in the waveguide will further reduce the power level, there remains su cient peak power above 20 GHz to produce 100 mV-level signals on a commercial crystal detector this requires only about 100 W p o w er, in a passive mode without ampli cation. We used MAFIA 6 to more precisely calculate the waveguide excitation, for Gaussian bunches of di erent rms lengths. waveguide and ceramic is neglected, and the waveguide directly borders on the ceramic. The toroid is treated as a conducting boundary. The calculations show that the energy coupled into the T E 10 mode is at least 2 times larger than that transmitted into the next important mode. Power levels at the waveguide entrance are of the order of 17 44 dBm, depending on frequency.
The interior broad dimension of the WR90 waveguide is a = 2 : 286 cm. This corresponds to a cuto frequency f c = c=2a = 6 : 6 GHz for the lowest T E 10 mode. Using the skin depth s 2=! 1=2 4m= q fGHz, where denotes the conductivity and the numerical value applies to brass, the surface resistance is given by R s = 1 = s 15 m q fGHz. As the RF wave propagates through the waveguide, the power decreases exponentially from its initial value P0. After a distance s, the power in the T E 10 mode is Ps = P 0 exp,2 s, with an attenuation coe cient 7 = R s 2b The attenuation in dB per meter is plotted in Fig. 1 right for the lowest modes. There are three complications. At frequencies where the skin depth becomes comparable to the unknown surface roughness these formulae cease to be valid 7 . Second, there are about 41 waveguide modes with a cuto frequency below 50 GHz, and the waveguide contains several H and E bends, at which part of the energy in the T E 10 mode could be converted into other modes as the RF wave travels along the waveguide. Finally, i n a n o v ermoded waveguide, degenerate modes T E nm and T M nm modes with the same n and m are coupled by w all currents in the presence of attenuation, where symmetry permits 8 , giving rise to hybrid modes.
The attenuation measured at 10 GHz is about 7 dB for a wave propagating twice through the entire waveguide, or about 0.2 dB per meter. This agrees well with the theoretical prediction for the waveguide attenuation due to surface resistivity. Also accounting for the 3 couplers in the signal processing unit, we can estimate the signal level at the crystal recti ers. For the four BLM channels, these estimates are in the range 4 27 dBm, many 10's of dB above the noise. This provides a large safety margin for additional attenuation, which might arise from mode conversion or surface roughness.
For more accurate modeling, the power ow P in a single waveguide mode index a after a distance L can be expressed as the product of an e ective v oltage and current, P a L; t = V a L; tI a L; t, where the current and voltage represent i n tegrals During BLM commissioning it was found that monitor channel 3, detecting the RF power radiated above 21 GHz, provides the most useful signal, and all measurements reported in the following refer to this channel. The BLM signal is proportional to the square of the bunch c harge and it decreases with increasing bunch length. To remove the dependence on the bunch c harge, we normalize the signal by subtracting the GADC pedestal and dividing by the number of particles in units of 10
10
. F or example, at a nominal bunch population of N b = 4 10 10 , a normalized signal of 10 corresponds to about 160 counts of the gated ADC, and the resolution limit due to digitization is about 0.6.
In the SLC, one major source of IP bunch-length variation are changes in the linac injection phase, which are caused by thermal RF phase drifts. Such linac phase errors introduce a position-energy correlation along the bunch. The correlated energy spread then changes the IP bunch length via momentum compaction R 56 in the 1.2-km long collider arcs. The BLM can be used to monitor and correct such c hanges. In Fig. 4 left we depict the measured and simulated BLM signal as a function of the linac injection phase. In the simulation, 10 by more than a factor of 3, with an associated dramatic change in the shape of the beam distribution. The source of the overall additive o set on the left axis is unclear. It could indicate high-frequency ne structure in the beam. The BLM signal was calibrated by recording, over a few hundred pulses, both BLM signal and beam intensities for several di erent combinations of linac injection phase and compressor voltage. For each parameter setting, the beam energy pro le at the end of the linac was also measured, using a wire scanner at a dispersive location. The corresponding IP distributions and bunch lengths were obtained from a multi-particle tracking simulation of the longitudinal beam transport. In the tracking, compressor voltage, compressor phase and the absolute o set of the linac phase were adjusted by tting for optimum agreement b e t w een the simulated and measured energy pro les at the end of the linac 9 . The bunch compression, or anti-compression, in the arc was then calculated in a second simulation step, starting with the tted end-of-linac distribution. Figure 4 right shows the normalized BLM signal versus the simulated rms IP bunch length. The gure indicates that IP beam distributions with the same rms bunch length give rise to similar BLM signals. We attribute scatter in the data points to di erences in the shape of the distributions for di erent compressor voltages, amounting to a 10 variation in rms bunch length.
From the measured uctuation of the calibrated BLM signal we can estimate that the pulse-to-pulse rms bunch length variation is not larger than 5.
BEAM-TIMING MONITOR
The relative timing of the two colliding electron and positron bunches can be determined from the microwave signals induced by the two beams in the same X-7
Band waveguide as employed for bunch-length measurements. The relative phase between the two electromagnetic pulses travelling down the waveguide is sensitive to changes in the time delay b e t w een the arrival of the rst beam e + and the second beam e , at the pickup. Jitter in the observed time delay is a direct measure of the jitter in the collision point.
The BTM setup is illustrated in the left picture of Fig. 5 . The rst bandpass lter has its center at 11.39 GHz, with full width of 50 MHz. The LO is a synthesizing signal generator, set to 11.49 GHz. Its stability, as measured with a frequency counter, is about 0:1 MHz, after thermal insulation. The output of the rst mixer is passed through a 5 bandwidth lter tuned to 100 MHz. The ltered IF signal is passed through two ampli ers 47 dB gain, 2.4 dB NF, and 27 dB gain, 11 dB NF, respectively, and then split with a tee. One arm passes through a trombone phase-shifter permitting a full phase shift of 20 with a 0.002 dial indicator. The second arm passes through 38 meters of 3 8" Heliax cable, providing about 200 ns delay. The arms of the tee are passed through variable attenuators and combined in a second mixer. The nal IF output is then low-pass ltered and can be viewed on a scope, saved to disk, or passed to a gated analog to digital converter for acquisition by the SLC control system. Figure 5 right shows typical signals measured after the rst mixer and after the nal low-pass lter. We e v aluate explicitly the limit in which the decay time of the output from the rst lter is much less than the delay T 2 , T 1 300 ns between the two bunches. Fig. 6 show the BTM signal as a function of the delay in units of degree X-Band in one of the two arms, which w as varied using the phase trombone. The left picture is an autophase measurement one beam only, delay cable removed; the right is an actual two-beam measurement with delay cable. Using the tted slope we can convert the measured signal changes into degree X-Band or time. The much larger scattering of the data in the right picture represents real beam-timing jitter, as large as 14 X-Band peak to peak, or 5 rms. FIGURE 6. Calibration measurements: normalized timing-monitor signal versus the trombone phase di erence in degree X-Band; left signal for one beam with cable delay removed; right signal for two beams including cable delay.
We h a v e also measured the BTM signal as a function of the electron-beam energy at the end of the linac, holding the energy of the positron beam constant. From this measurement and from the phase calibration performed at the same time, we estimate the momentum compaction of the SLC North arc as R 56 120 mm, not too far from the theoretical value 145 mm.
CONCLUSION
The RF BLM in the SLC South Final Focus monitors pulse-to-pulse changes in the IP bunch length of both colliding beams, with a precision of a few percent. Its response to linac injection time and compressor voltage is consistent with simulations of the longitudinal beam transport. The bunch length was found to be stable to within 5 and, thus, it is not a dominant source of pulse-to-pulse uctuation in luminosity or beamstrahlung. The RF BTM detects changes in the relative arrival time of electron and positron bunches at the SLC interaction point, with a short-term resolution better than 5 X-Band. Our measurement results indicate a luminosity degradation due to beam timing jitter of the order of 2.
